Abstract: In this paper, the energy harvesting in mixed multiple-input-single-output radio frequency (RF)/free space optical (FSO) networks is studied. Assuming underlay mode, the secondary user (SU) source with limited battery communicates with its destination via a hybrid SU relay. The SU source harvests energy from both the hybrid relay and the primary network. The hybrid SU relay node is equipped with two antennas; one for energy transmission to the secondary user and the other for data reception. The SU source transmits its data over an RF link to the relay. Then, the relay decodes the SU data before retransmitting it to the SU destination over an optical link. The RF/FSO channels are assumed to follow Nakagami-m/Málaga-M fading models with pointing errors on the FSO link. Closed-form expressions for the exact outage probability, average bit error rate, and ergodic capacity are derived. For high signal-to-noise ratio values, closed-form expressions for the asymptotic outage probability and average bit error rate are derived. Based on the asymptotic results, a power allocation model is proposed to enhance the system outage performance. Some simulation and numerical results are employed to validate the derived expressions.
Introduction
The multi-hop networks are considered as one of the promising networking solutions for providing reliable transmission of data. In order to achieve the best benefits of multiple links, different types underlay CR mixed RF/FSO networks. Whereas, the effects of nodes mobility and outdated channel state information on such networks performance were presented in [25] , [26] . In addition, the works in [27] , [28] investigated the multiuser scheduling scheme in underlay CR mixed RF/FSO networks in terms of outage probability, average symbol error probability, and ergodic capacity.
Motivated by the aforementioned discussion, and to the best of our knowledge, there is no previous work discusses the impact of cooperative CR network combined with EH technologies on the performance of mixed RF/FSO networks. Hence, this work studies the performance of spectrumsharing mixed MISO RF/FSO system with EH. On the RF link, the SU equipped with multiple antennas, harvests energy from the hybrid relay node (HRN) and the primary network. Then, the SU employs the harvested energy to send its data to the HRN in the uplink transmission. The relay node decodes the SU data before transmitting it to the SU destination over a FSO link. The channel model of the RF/FSO network is assumed to follow Nakagami-m/Málaga-M fading models. To reduce the transmission overhead, the HRN is assumed to have no prior knowledge of the user's stored energy status. This proposed system model can be found in many practical applications such as increasing network density for real-time events, establishing of temporary wireless sensor networks, metropolitan area network extension, wireless body area networks, and connecting several smaller cells to the core network in 5G system [29] - [31] . Closed-form expressions for the system outage probability, average bit error rate (BER), and ergodic capacity are derived. Moreover, a power optimization problem is investigated to obtain the optimal downlink harvesting energy that is transmitted from the HRN to the SU. The maximization problem is formulated through minimization of the system outage probability.
The rest of this paper is organized as follows. Section 2 presents the system and channel models. The system performance measures such as outage probability, average BER, and ergodic capacity are investigated in Section 3. Section 4 presents the power optimization model. Simulation and numerical results are discussed in Section 5. Finally, conclusions are given in Section 6.
The notation used in this paper is defined as follows: Bold lower case symbols denote vectors. We use 
System and Channel Models

System Model
As shown in Figure 1 , the proposed system model is a dual-hop mixed MISO RF/FSO underlay CRN in which a SU source (S) communicates with a SU destination (D) through a SU relay (R) with DF protocol in the presence of a single PU transmitter (PT) and a single PU receiver (PR). In this model, the S is equipped with multiple antennas (N s ) which are used for both energy harvesting and data transmission. Whereas, R is equipped with two RF antennas; one is the energy transmission antenna (EA), and the other one is the data reception antenna (DA). Therefore, R acts as a wireless power transmitting station to charge the nearby devices through EA, and as a data receiving station through DA. Also, R is equipped with an optical laser transmitter to communicate with D which is equipped with an optical receiver. The S harvests energy from both, the PU transmission and R. Hence, the total received power at S is given by
where is the energy harvesting efficiency coefficient, i.e. 0 < < 1; h p t,s is a 1 × N s channel vector between PT and S, with h p t,i denotes the channel coefficient between PT and the i -th antenna of S with i = 1, 2, . . . , N s . Similarly, h r ,s is 1 × N s channel vector between EA and S, where h r ,j denotes the channel coefficient between EA and the j-th antenna of S, with j = 1, 2, . . . , N s ; and the powers P p t and P e represent the PT transmission power and EA transmission power, respectively. To ensure that S is still active and alive after its data transmission, the harvested energy γ s should be greater than an energy harvested threshold (γ E ). For the proposed model, the communication operations take place over two time-slots. In the first time slot, S harvests energy which it uses in the second time slot to transmit its data to DA at R with a specific power P s , which is assumed to be constant power when energy harvested exceeds γ E . The received signal at DA suffers from co-channel interference (CCI) signals because of the simultaneous transmission of both PT and EA, and hence, the received signal at DA is given by 
where h s,r ∈ C N s ×1 is the channel vector between S and R, with h i ,r is the channel coefficient between the q-th antenna of S and R, i = 1, 2, . . . .N s ; c p t,r denotes the CCI coefficient between PT and DA; c r ,r denotes the self-interference channel coefficient between the two relay antennas EA and DA. The symbol vector x s of size N s × 1 denotes the SU transmitted data symbols with zero mean and unit variance; x p t represents the CCI signal from PT to R with zero mean and unit variance, and x e represents the self-interference signal with zero mean and unit variance. The selfinterference coefficient η represents the remaining ratio of P e due to an imperfect self-interference cancellation process. The term w r denotes the additive white Gaussian noise (AWGN) sample which follows a complex normal distribution with zero mean and variance of σ 2 0 . The instantaneous signal-to-interference-plus-noise ratio (SINR) for the SU network over the RF links is given by
Then, R decodes the transmitted SU data and retransmits it to D over the FSO link. Hence, the received optical signal at D is given by 
Finally, the instantaneous end-to-end (e2e) SINR with DF relaying protocol is given by [19] 
where
s,j , and m s,j denotes the Nakagami-m fading parameter between S and j ∈ {r , p r }. By differentiating (7) w.r.t. x, the pdf is given by
For Interfering Channels:
For SU network, the SU signal received at DA of R suffers from two interfering signals from PT and EA of R. Variables c u,r , u ∈ {p t, r }, denotes the channel links between the interferers and R which are assumed to follow independent and non-identically distributed (i.ni.d.) Nakagami-m fading model. Hence, the pdf of the total interference at the SU relay node is given by [36] 
where β
. Whereas, for PU network, the PR suffers from two interfering signals caused by S and EA of R. The CDF of the channel matrix c s,p r between S and PR is similar to (7), when replacing m s,j and λ s,j by m s,p r and λ s,p r , respectively. While, the CDF of channel c r ,p r follows i.i.d. Nakagami-m fading model, which is given by
r ,p r , and m r ,p r denotes the Nakagami-m fading parameter between R and PR. Hence, the pdf is obtained by differentiating (10) w.r.t. z as follows
For Data Transmission Over FSO Link:
The FSO link between R and D experiences a Málaga-M fading model with the effect of pointing errors. The M turbulence model [37] is based on a physical model that involves a line-of-sight (LOS) contribution, U L , a component that is quasiforward scattered by the eddies on the propagation axis and coupled to the LOS contribution, U C S , and another component, U G S , due to energy that is scattered to the receiver by off-axis eddies. These random processes, U C S and U G S are statistically independent. Additionally, the random processes, U L and U G S are statistically independent. One of the main motivations to consider this model is its generality [37, Table 1 ]. Hence, we employ a FSO link that experiences M turbulence for which the SNR's CDF is given by [8] 
where 
For Energy Transmission:
The entries h q,i , with q ∈ {p t, r } and i = 1, 2, . . . , N s of the channel vector h q,s represent the channel coefficients between the energy transmitters and the i -th antenna of the SU source S. These coefficients follow i.i.d. Nakagami-m fading model. Hence, the CDF of h q,s assuming MRC at S is given by (7), but with replacing m s,j and λ s,j by their counterparts m q,s and λ q,s , respectively.
Performance Analysis
Closed-form expressions for the system outage probability, average BER, and ergodic capacity are derived in this section. Then, at the high SNR regime, the asymptotic formulas are obtained.
Outage Probability
Exact Outage Probability:
For the proposed EH-CRN, the outage probability is defined as the probability that γ s,d value is below a predetermined outage threshold γ th such as
. Based on (6), the CDF of γ s,d can be written as
where F γ RF (γ) is the CDF of SINR of the RF link, and F γ FSO (γ) is the CDF of SNR of the FSO link. For the RF link, the SU network will be in outage if one or more of three events occurs. These three events can be specified as follows: The first outage event occurs if the SU total interference signals for data and energy transmissions at the primary network exceed the PU maximum interference threshold γ P . The second outage event occurs if the SU SINR at R is less than γ th , and hence, R can not decode the SU data correctly. Finally, the third outage event occurs if the total harvesting energy received by S is less than the energy harvesting threshold γ E . Therefore, the SU network outage probability can be expressed as the complementary probability that all of the above-mentioned events do not happen, such as
The analysis for obtaining the expression of the terms Pr[ 
On the other hand, the CDF F γ FSO (γ) is given by (12) . By substituting (12) and (14) in (13) and replacing γ by γ th , the system outage probability is given by
Asymptotic Outage Probability:
A simple asymptotic expression for the outage probability is derived which achieves more insights about the system behavior. At high SNR values, the outage probability can be expressed as P out (G c SNR) −G d , where G c denotes the coding gain of the system and G d is the diversity order of the RF link [38] . Hence, as γ RF → ∞, the CDF of the RF link's SNR at R is simplified to
where Pr ∞ [γ RF ≥ γ th ] is the asymptotic probability at SNR → ∞ such as
For the FSO link, the asymptotic CDF for the Málaga-M turbulence model is given by [8] 
where κ i ,j denotes the j-th term of κ i . Hence, the FSO asymptotic performance is dominated by the min ζ 2 , α, β as shown in [8] . Therefore, the asymptotic outage probability can be written as
As a result, the diversity gain of the proposed system model is of order min m sr N s , ζ 2 /r , α/r , β/r .
Average Bit Error Rate
Exact Average Bit Error Rate:
For the considered system, the average BER can be obtained using the following formula [39] 
where P RF BER and P FSO BER are the average BERs for the first and second hop, respectively. These average BERs can be obtained using the obtained CDF expressions as follows
where a rf , b rf , a fso , and b fso denote the modulation type used in both RF and FSO links, respectively. Hence, by substituting (14) in (24), the average BER of RF link is given by 
Similarly, by substituting (12) in (25) with the help of [8] , the BER of the FSO link is given by
Finally, the expression for the exact average BER is obtained by substituting (26) and (27) in (23).
Asymptotic Average Bit Error Rate:
To get more insights on the key system parameters affecting the system performance, a closed-form expression for the system asymptotic average BER is derived such as
where P 
Similarly, by substituting (12) in (25), the asymptotic average BER of the FSO link is given by
Ergodic Channel Capacity
The ergodic capacity C erg for dual-hop mixed RF/FSO networks can be expressed as
where C RF denotes the RF channel capacity and given by
Whereas, C FSO is the FSO channel capacity such as
where ν r with r ∈ {1, 2} is a constant such that ν 1 = 1 for heterodyne detection and ν 2 = e/2π for IM/DD detection [8] .
Proposed Power Optimization Model
Simplified Asymptotic Outage Probability
In this part, a more simplified asymptotic outage probability expression is derived. Consider that the PU interference threshold is large enough such as γ P >> 
Whereas, the term Pr
can be obtained as follows
Power Optimization Problem
This part aims to find the optimal P e that minimizes the outage probability. For simplicity and without loss of generality, the simplified asymptotic outage probability expression in (34) is used as a target function to formulate the power optimization problem as follows min P e P out (P e ), subject to
where P ∞ out is given in (34) . By substituting (35) and (36) in (34), the total P ∞ out can be expressed in terms of P e with some mathematical manipulations as follows + λ 1 × P e − P sen r ,s
where L(P e , λ 1 ) denotes the Lagrangian multipliers objective function, whereas λ 1 denotes the Lagrangian multiplier coefficient. By applying KKT conditions and without loss of generality, assume 
It is clear that (40) is a polynomial of degree m r ,s N s − 1, therefore, the optimal value P * e can be obtained by solving (40), and (41) by using any convenient mathematical tool.
Simulation and Numerical Results
In this section, some numerical results, which were obtained by using the above-derived expressions are presented together with Monte-Carlo simulation with 10 5 simulations for each SNR value. Several scenarios of various system parameters and their effect on the performance are studied.
The outage probability of the proposed system model is investigated in Figure 2 with different values of ζ for both heterodyne and IM/DD receivers. The results show that increasing ζ enhances the system outage performance. Moreover, the performance of heterodyne receiver (i.e. r = 1) outperforms that of the IM/DD receiver (i.e. r = 2) as expected. It can be noticed that at low to medium SNR values, the outage performance is enhanced by increasing the SU transmission power. However, at the high SNR values, the proposed system achieves a unity outage probability as the interference of the SU network on the PU network exceeds γ P , and hence, the SU source reaches a point where it has to terminate its transmission.
To reveal more insights on the key parameters that affect the performance of the proposed system model, we consider γ P → ∞. Figure 3 studies the impact of the Nakagami-m parameter on the system outage probability with N s = 2. The results show that increasing the value of m, enhances the system performance in terms of diversity order. This can be explained as increasing m enhances the performance of the RF link over the FSO link. As a result, the FSO link performance dominates the total system performance as the system diversity order is given by min m s,r N s , ζ 2 /r , α/r , β/r . At weak turbulence conditions (i.e., α = 19.7 and β = 18), the results show that the SU performance is dominated by the RF link, and hence increasing the value of m enhances the system performance in terms of increasing the diversity order. Whereas, at strong turbulence conditions (i.e., α = 4.3 and β = 3), increasing the value of m from 1 to 2 has a significant impact on the system performance. However, as m keeps increasing the SU system performance almost remains constant since the SU performance is dominated by the FSO link.
The SU ergodic capacity is investigated in Figure 4 for different values of η and γ P . At low SNR values, the results show that increasing the SU SNR increases the capacity for all the values of η and γ P since the SU system performance is dominated by the FSO link. As the SU SNR keeps increasing, the capacity decreases because the RF dominates the performance, and the SU interference levels at PR go close to γ P . Then, the capacity drops to zero when the SU interference on the PU network exceeds γ P causing SU outage. It is clear that increasing γ P enhances the system capacity as the SU is allowed to transmit at higher power levels. Also, the figure shows that increasing η increases the level of the self-interference at the relay which decreases the system capacity. This degradation becomes significant at higher values of γ P . The relation between the ergodic capacity and the harvesting power is studied in Figure 5 for different antenna configurations. It can be noticed that the capacity follows two patterns. In the first pattern, the FSO is the dominant link. Hence, the capacity is not affected by changing the antenna configurations. When the harvested energy goes over the predetermined threshold, the RF link becomes the dominating link and the effect of the antenna configuration starts to take place. As the harvesting power increases, the value of the ergodic capacity decreases. This happens due to the increase in the interference value that leads to decreasing in the SINR and consequently, decreasing the ergodic capacity value.
The effect of PU interference threshold γ P on the system outage probability is investigated in Figure 6 . Apparently, the value of the outage probability decreases as γ P increases. This can be explained as increasing the threshold gives the SU more chance to pump more transmission power resulting in reducing the outage probability. Moreover, it can be shown that increasing the SNR values from 5 dB to 10 dB reduces the system performance at low to medium γ P values, whereas, at high γ P values, the performance of SNR = 10 dB outperforms that of SNR = 5 dB. This can be explained as at low γ P values; the SU system has to reduce its power to guarantee that its transmission will not harm the PU network. On the other hand, when the PU network relaxes its interference threshold and allows the SU network to transmit with a higher power, the SU performance gets enhanced. Moreover, this figure shows that at low SNR values (i.e., SNR = 5 dB), the performance of the heterodyne receiver matches that of the IM/DD receiver since the performance is dominated by the RF link. At higher SNR values, the performance is dominated by the FSO link. Hence, changing the receiver method has a great impact on the outage performance.
The impact of both γ E and γ P on the system average BER performance is shown in Figure 7 . For a fixed value of γ P , the results show that increasing γ E reduces the system performance as the SU transmitter needs to harvest more power for transmission. On the other hand, the figure shows that for a fixed value of γ E , increasing γ P enhances the system performance which matches the results in Figure 6 . It is important to mentioned that the modulation schemes are binary phase shift keying (BPSK) (a rf = b rf = 1), and on-off keying (OOK) (a fso = 1, b fso = 0.5) are used in the results of the BER as the modulation schemes for the RF and IM/DD-FSO hops, respectively, while BPSK (a fso = b fso = 1) is used for heterodyne receiver-FSO hop.
The impact of atmospheric turbulence conditions on the average BER for different receivers is shown in Figure 8 . The results show that the performance of strong turbulence conditions, i.e. . Outage probability comparison between the proposed optimal P e value and normalized value with different value of N s . α = 2.3, β = 2 is worse than the weak turbulence conditions, i.e. α = 6.6, β = 6 as expected. For high SNR values, the figure shows that the performances of the different turbulence conditions are similar since increasing the SU SNR values causes the outage of SU network. This occurs when the SU interference with the PU is close to γ P as the RF link dominates the performance.
The impact of the proposed power optimization model on the outage performance is investigated in Figure 9 . It is clear that the performance of the proposed power optimization model outperforms that of the conventional transmission model where the energy harvesting antenna transmits with its maximum power, especially, in the medium SNR range. The results show that increasing the number of antennas N s enhances the performance.
Conclusion
This paper investigated the performance of mixed MISO RF/FSO CR relay networks with EH technique. The SU source equipped with multiple antennas communicates with a hybrid relay through a RF channel. Then, the relay forwards the successfully decoded data to the destination over FSO link. Closed-form expressions for the outage probability, average BER, and ergodic capacity were derived assuming Nakagami-m/Málaga-M fading models with pointing errors on the FSO link. Also, the asymptotic outage probability and average BER were obtained to get more insights on the system performance. Power optimization model was proposed based on the asymptotic results to enhance the system performance. The results showed that the SU network might operate efficiently at low to medium SNR values relative to the allowable PU interference threshold. Moreover, the proposed power optimization model resulted in a significant improvement in the outage performance in the medium SNR region.
